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Abstract: Wheat-flour crackers represent a staple snack option, although they lack nutritional value.
Agricultural by-products such as olive and grape seeds, cereals such as barley and legumes such as
lupine and chickpea are rich in bioactive compounds; therefore, flours obtained from those could
represent a better option for bakery products fortification. The purpose of the present study was
the investigation of total phenolic content and antioxidant activity before and after the baking of
wheat crackers enriched with 10-30% olive seed, 10-30% grape seed, 10-40% lupine, 10-30% barley
and 20-60% and 80% chickpea flours and the evaluation of the predicted bioavailability after in vitro
digestion of crackers demonstrating the highest values. Crackers and doughs were processed and
analyzed using Folin—Ciocalteu and ferric reducing antioxidant power (FRAP) assays, respectively.
Crackers with the highest properties were subjected to in vitro gastrointestinal digestion. Baking
resulted in an increase in total phenolics and antioxidant activity in the majority of crackers. Olive
and grape seed flour crackers demonstrated the highest antioxidant properties. Following in vitro
digestion, 30% olive seed flour crackers retained the majority of polyphenols and antioxidant activity.
Crackers enriched with 30% olive seed flour could represent a healthy functional bakery snack
regarding their increased antioxidant properties.

Keywords: crackers; wheat; olive; grape; lupine; chickpea; barley; antioxidants; phenolics

1. Introduction

Crackers are low-moisture wheat-flour-formulated bakery products and represent one
of the most popular easy-to-eat snack food options of consumers worldwide because of
their long shelf-life, generally low cost and wide production range of flavors and tastes.
Due to their formulation, they score high in calories but relatively low in nutritional value.
This can be explained by their high content of rapidly digested carbohydrates and fats and
low levels of fiber [1,2]. As the prevalence of celiac disease and metabolic conditions such
as type II diabetes, metabolic syndrome and obesity has globally increased, individuals
suffering from those conditions are unable to consume those snacks. Therefore, due to
the increasing demand for functional food options, the modern food industry aims to
develop gluten-free bakery snacks enriched with bioactive compounds that exhibit distinct
antioxidant activity in order to provide both nutritional value and possible health benefits
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for the consumers [3]. Consumption of cereals, fruits and legumes, which are rich in
antioxidants and fiber, is associated with a lower incidence of metabolic syndrome and
chronic diseases [4]. In this context, alternative flours from agricultural by-products from
fruit processing such as olive and grape seeds, along with cereal grains such as barley and
legumes such as lupine and chickpea, are exploited to fortify bakery products because of
their high protein, dietary fiber, fatty acids and polyphenol content.

Barley grain has a low glycemic index (GI) as it contains a vast array of antioxidant
compounds such as tannins, proanthocyanins, phenolic acids, flavonols, flavones, fla-
vanones and lignans [5]. Additionally, barley is considered superior to other grains, in
terms of phenolic compound content, as it contains all eight vitamin E forms: tocopherols
and the corresponding tocotrienols [6]. Furthermore, barley (3-glucans possess the phys-
iological benefits of insoluble dietary fiber regarding the increase in fecal bulk and the
promotion of bowel health [7], plus the biological benefits of soluble dietary fiber linked to
the reduction in serum cholesterol levels and postprandial glucose levels [8]. Compared to
wheat flour, which lacks nutritional value because of the loss of the outer layers of the grain,
which possess bioactive compounds, during the milling process, barley flour preserves
most of the vital nutrients and beneficial compounds [9]. Therefore, there is a growing
demand for incorporation of barley flour into various food products in order to improve
their nutritional value.

Lupine contains a high amount of dietary fiber and a significant amount of oil, charac-
terized by the presence of saturated fatty acids (10%) and unsaturated fatty acids (90%).
Lupine also contains a number of polyphenols, mainly tannins and flavonoids [10,11], as
well as phytosterols [12] and tocopherols [13]. Consumption of food products enriched with
lupine has been linked to the prevention of cardiovascular disease, diabetes, obesity and
digestive tract pathological conditions [14]. Lupine flour, due to its high protein (~40%) and
low starch content because of gluten’s absence, is highly recommended for food product
supplementation. Furthermore, due to its high dietary fiber content (~28%), it has been
proposed for the enrichment of wheat-formulated bakery products [15].

Chickpea is a good source of polyunsaturated fatty acids, minerals and vitamins [16,17],
whereas bioactive compounds such as tocopherols, phytosterols, carotenoids, phenolic
compounds and phenolic acids are quite abundant in chickpea seeds [16,18,19]. Chickpea
also contains both soluble and insoluble dietary fiber [20]. Chickpea consumption is
associated with reduction in blood pressure, serum cholesterol levels, glucose absorption
rate and insulin resistance. Thus, if incorporated in the diet, it could minimize the risks of
cardiovascular or metabolic disease [16,19]. Chickpea flour has a low glycemic index, is
rich in dietary fiber and is gluten free, compared to wheat flour [16]. Furthermore, the lipid
content in chickpea flour is almost twice higher than in wheat flour [21].

Olive seed is a rich source of dietary fiber [22] and other bioactive compounds, such
as polyphenols [23-26]. Olive polyphenols possess possible antioxidant, anti-inflammatory,
hypolipidemic, hypoglycemic, cardio-protective, immune-modulatory and gastro-protective
properties [27]. Olive seed contains a significant amount of oil, which possesses a high
amount of monounsaturated fatty acids (~63%), moderate amounts of polyunsaturated
amino acids (25%) and a low amount of saturated fatty acids (~12%) [26]. Furthermore,
olive seed oil is rich in tocopherols and phytosterols [26,28]. Dietary fiber content is quite
high, where insoluble and soluble fractions are present in equal amounts. Incorpora-
tion of olive stone flour into bakery products, apart from their enrichment with bioactive
compounds, increases their protein, fat and dietary fiber content. Moreover, antioxidant
capacity is increased in the final bakery products because of the enrichment with the high
phenolic content present in olive seed flour [29,30].

Grape seed is reported to contain about 40% dietary fiber [31] and represents a rich
source of polyphenols, such as the anthocyanins, proanthocyanidins, flavanols and cate-
chins that are present at about 60-70% in grape seeds [32]. Grape polyphenols are reported
to have a protective role against cardiovascular disease development because of their
positive effects on plasma lipid and blood pressure levels, as well as their role in inhibi-
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tion of LDL oxidation, platelet aggregation and inflammation [33]. Grape seeds contain
8-20% oil, which is rich in phenolic compounds, vitamin E, unsaturated fatty acids and
phytosterols [34-36]. Grape seed flour is a good source of polyphenols, mainly proantho-
cyanidins and fatty acids, as the valuable fraction of those micronutrients is preserved.
Due to its high fiber and protein content, it has been proposed as an alternative flour to be
utilized in the food industry in order to increase the antioxidant properties of various food
products [37,38].

Polyphenols represent a vast group of plant secondary metabolites that exert high
antioxidant activity because of their ability to act as metal chelators and free-radical scav-
engers. Therefore, those compounds have been linked to a vast array of health benefits
such as protective effects against serious pathological conditions (cardiovascular disease,
diabetes, obesity and cancer) [39]. To exert those beneficial effects, their bioavailability
in the respective tissues or organs is essential; in other words, these compounds need to
be released from the food matrix during food processing, be accessible for metabolism
in the gastrointestinal tract and finally reach the respective target tissues or organs. Bio-
accessibility is defined as the fraction of a specific compound present in the gastrointestinal
tract, which is available for absorption through the gut lumen, as a result of its release from
the food matrix. Compounds mainly present in the small intestine constitute the soluble
bio-accessible fraction that will be transported through the circulatory system, whereas the
non-bioaccessible fraction will be secreted in the feces [40]. A number of factors may affect
phenolic compound bioavailability, including gut microbiota, food matrix and food pro-
cessing [41]. Industrial or domestic food processing methods can affect phenolic compound
content, antioxidant activity, bio-accessibility and bioavailability in different ways. Some
may lead to their degradation, while others can enhance their absorption and bioavailabil-
ity [42]. Therefore, the final total phenolic content and bioavailability in the formulated
processed food product highly depends on the nature and duration of the food processing,
as well as on the food matrix exposed to the particular food processing.

The bioavailability of polyphenols following food processing is a major concern in the
formulation of functional food products. Despite being carriers of bioactivity, conflicting ev-
idence of polyphenol absorption and the underlying mechanisms of metabolism is present
in the literature, especially when food composition and the complexity or dietary intake
of specific food products are considered [43]. Generally, their absorption is low, which is
attributed to some extent to the different structures of polyphenols that subsequently affect
their gut absorption [44]. Other factors include their release from food matrices, especially
from solid ones and their stability under gastrointestinal tract conditions that are affected
by many physicochemical (temperature and pH) and biochemical parameters (presence
and action of enzymes and bile salts) [45].

A certain number of studies have evaluated the nutritional profiles of bakery snacks
other than crackers enriched with olive seed, grape seed and barley flours, whereas limited
studies have focused on the potential of enrichment with chickpea and lupine flours.
Additionally, no studies have been conducted to evaluate the effect of baking on total
phenolic content and antioxidant activity in cracker dough enriched with these flours.
Furthermore, there is limited information in the literature concerning simulated in vitro
gastrointestinal digestion performed in crackers, whereas no studies have focused on the
fate of polyphenols of those alternative flours following cracker digestion. This is the
only study that focuses on assessing the potential of enrichment with these alternative
flours on wheat-based crackers in parallel, in order to determine the most added-value
cracker formulation.

In this framework, the aim of the present study was to assess the antioxidant activity
and total phenolic content in wheat crackers fortified with barley, lupine, chickpea, olive
and grape seed flours and compare the results to those of the respective dough samples
in order to address changes induced in those properties throughout the cracker-making
process. Furthermore, crackers that demonstrated the highest antioxidant profile were sub-
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jected to simulated in vitro gastrointestinal digestion in order to investigate the predicted
bioavailability of phenolic compounds and the subsequent changes in antioxidant activity.

2. Materials and Methods
2.1. Cracker Dough Preparation and Baking Conditions

A standard cracker recipe was prepared. The ingredients of each cracker formulation
are presented in Table 1. All ingredients were weighed and mixed in a dough by using
a KMC570 (Kenwood, United Kingdom) mixer machine for 8 min. The produced dough
was covered with a food wrapper to prevent excessive moisture loss and was allowed to
rest at room temperature for 30 min. Then, the dough was divided, kneaded to release the
air inside the dough, sheeted to 2 mm thickness using a manual dough-molding machine
(Hendi, Rhenen, The Netherlands) and cut in dimensions 10 x 7.5. Nine punches were
made in each cracker sample. Each cracker sample was placed in an electric heating air oven
(North, FK-60W, Sotirios D.Prodanas & Co, National Road Kilkis-Thessaloniki, Greece) to
provide uniform heat distribution over the dough during the baking process and baked at
170 °C for 15 min. Then, the cracker samples were allowed to cool at room temperature for
30 min and stored in polyethylene bags at 20 °C.

Table 1. Recipes of the formulated crackers.

Grape Olive Baking

Crackers F‘{Zﬂ:?;) :::11(1, llji(g;a FII:E;I(‘;) F]lsoalﬂeé) Seed Seed Sl(lgg)ar ((:;??gl? Powder S(;t V\iagt)er
Flour (g)  Flour (g) (g
A% 200 - - - - - 4 40 3.7 2 80
C1 160 40 - - - - 4 40 37 2 80
C2 140 60 - - - - 4 40 3.7 2 80
C3 120 80 - - - - 4 40 3.7 2 80
Cc4 100 100 - - - - 4 40 3.7 2 80
C5 80 120 - - - - 4 40 3.7 2 80
Ceé 40 160 - - - - 4 40 3.7 2 80
L1 180 - 20 - - - 4 40 3.7 2 80
L2 160 - 40 - - - 4 40 37 2 80
L3 140 - 60 - - - 4 40 3.7 2 80
L4 120 - 80 - - - 4 40 3.7 2 80
B1 180 - - 20 - - 4 40 3.7 2 80
B2 160 - - 40 - - 4 40 3.7 2 80
B3 140 - - 60 - - 4 40 3.7 2 80
G1 180 - - - 20 - 4 40 3.7 2 80
G2 160 - - - 40 - 4 40 37 2 80
G3 140 - - - 60 - 4 40 3.7 2 80
01 180 - - - - 20 4 40 37 2 80
02 160 - - - - 40 4 40 3.7 2 80
03 140 - - - - 60 4 40 3.7 2 80

W: 100% wheat flour crackers, C1-C6: 20%, 30%, 40%, 50%, 60% and 80% chickpea flour crackers, L1-L4: 10-40%
lupine flour crackers, B1-B3: 10-30% barley flour crackers, G1-G3: 10-30% grape seed flour crackers, O1-O3:
10-30% olive seed flour crackers.

2.2. Extraction

Then, 2 g baked cracker powder or 2 g dough were extracted into 100 mL of 70%
methanol at 70 °C for 1 h in an ultrasonic water bath [46]. The extracts were filtered and
then used to determine total phenolic content and antioxidant activity by Folin-Ciocalteu
and ferric reducing antioxidant power (FRAP) assays, respectively [47].

2.3. Simulated In Vitro Gastrointestinal Digestion

The protocol followed was according to the digestion process described by Kap-
sokefalou and Miller, 1991 [48], with some modifications. Ground cracker samples were
prepared in order to provide 4 g of protein/100 mL sample and homogenized with ddH,O.
The amount of 5 mL HCl 0.1 M was added to the samples, and the pH was fixed with
concentrated HCL; 2 mL of each sample were transferred to wells in a six-well plate. In each
well, 0.1 mL of pepsin was added, and the plates were covered with a plastic lid and placed
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on a shaking incubator at 37 °C for 2 h. At the end of the incubation period, a cylindrical
insert with a piece of dialysis membrane fastened to one end with an elastic band was
placed in each well. Each ring was filled with 2 mL 0.1 M PIPES buffer pH 6.5. The plates
were incubated for another 30 min at 37 °C. After 30 min, the inserts were slightly lifted,
and 0.5 mL of a pancreatin-bile salt mixture was added to the samples. The inserts were
replaced, and the incubation continued for another 2 h. At the end of the incubation period,
the inserts with the dialysis membranes were removed. Dialysates were centrifuged at
4000x g for 15 min at 4 °C, and the supernatants were used to determine total phenolic
content and antioxidant activity through Folin—Ciocalteu and FRAP assays [49,50].

2.4. Determination of Total Phenolic Content (Folin—Ciocalteu Assay)

Total phenolic content was measured by the Folin—Ciocalteu method [51]. In a 96-well
microplate, 50 mL of sample, 20 uL. Na;COj3 solution and 20 pL Folin—Ciocalteu reagent
were added, respectively. The samples were analyzed in triplicates. The 96-well microplate
remained in the dark for 30 min, and then, the relative absorbance of the samples was
measured at 765 nm in a spectrophotometer using Magellan™ data analysis software.
Gallic acid was used as the reference standard, and the data were expressed as gallic acid
equivalents (GAE), as mg GAE/10 mL [52].

2.5. Determination of Antioxidant Activity (FRAP Assay)

For the determination of antioxidant activity, the ferric reducing antioxidant power
assay (FRAP) was applied. The FRAP assay is based on the reduction of yellow ferric-
tripyridyltriazine complex (Fe(IlI)-TPTZ) to blue ferrous complex (Fe(II)-TPTZ) by the
phenolics through the action of electron-donating antioxidants [53]. In a 96-well microplate,
20uL of sample and 80uL. FRAP reagent were added. The samples were analyzed in
triplicates. The 96-well microplate remained in the dark for 30 min and then the relative ab-
sorbance of the samples was measured at 595 nm in a spectrophotometer using Magellan™
data analysis software. The data were expressed as FeSO4 concentration (uM) [47,52,54].

2.6. Statistical Analysis

Normal distribution of the data was confirmed by Shapiro-Wilk’s test. One-way
analysis of variance (ANOVA) and a post hoc Tukey test were used for comparison of the
means between samples. Data are presented as mean =+ standard deviation (SD) and ana-
lyzed using the Statistical Package for Social Sciences (SPSS version 17.0). The significance
level for the differences between the sample means was set at p < 0.05. Data were also
evaluated using Pearson’s correlation coefficients for identification of any relationships
between total phenolic content in crackers and their antioxidant activities as determined by
Folin—Ciocalteu and FRAP assays.

3. Results
3.1. Total Phenolic Content of Novel Wheat Crackers

The results for total phenolics of novel wheat crackers and the respective doughs
are presented in Diagram 1. In dough formulations, the highest total phenolic content
was observed in the L4, G3, L3, G2 and L2 samples, respectively. On the other hand, the
lowest content in total phenolics was demonstrated by the O1, C1, O2, C2 and C3 sample
doughs. In crackers, the highest total phenolics were demonstrated by the G3, G2, O3, G1
and O2 samples, respectively. The lowest phenolic content was observed in the C1, L1,
W, C2 and C3 samples. Total phenolic content increased in all dough formulations as the
level of flour fortification increased; in the case of lupine and chickpea flour enrichment,
the increase was significant (p < 0.05). Doughs samples O3, G2, G3, B1-B3, L1-L4 and
C4-C6 demonstrated higher total phenolic values compared to the W dough (control); in
the case of the B1, L2-L4 and C6 doughs, the increase was significant. The remaining dough
formulations demonstrated slightly lower total phenolic values compared to the W dough
(control) (Figure 1).
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Figure 1. Phenolic content of the novel wheat crackers. Phenolic content was expressed as gallic acid
equivalents (GAE) in mg per 10 mL of crackers. Results are expressed as mean =+ standard deviation
from triplicate measurements. Mean values are significantly different (p < 0.05) compared to 100%
wheat flour crackers (controls).

The O1-O3 and G1-G3 cracker samples demonstrated a significantly (p < 0.05) higher
total phenolic content compared to the respective doughs. The L1-L3 cracker samples
exhibited a slight decrease in total phenolics compared to their doughs, whereas a slight
increase was observed in the L4 cracker samples. The Bl and B2-B3 crackers demonstrated
a significant (p < 0.05) decrease and a slight increase compared to the dough samples,
respectively. The C1-C6 crackers demonstrated an increase in total phenolic content
compared to their doughs, which in the case of the C2, C3, C5 and C6 crackers was
significant (p < 0.05)

The O1-03, G1-G3, B3, C5 and C6 crackers demonstrated a significant increase in
total phenolic content compared to the W crackers (controls). The B2, L2-L4 and C2-C4
crackers displayed higher total phenolic values compared to the W crackers but not at the
significance level. On the other hand, the B1, L1 and C1 crackers demonstrated a decrease
in total phenolics compared to the W crackers; in the case of the B1 crackers, the decrease
was significant (p < 0.05). One-way ANOVA showed a statistically significant increase
(p < 0.05) in total phenolic content of each cracker formulation as the level of flour fortifica-
tion increased.

3.2. Antioxidant Activity of Novel Wheat Crackers

The results for antioxidant activity of the novel wheat crackers and the respective
doughs are presented in Table 2. In cracker doughs, the highest antioxidant activity was
observed in the O3, G2, O2, G3 and G1 samples, respectively. The lowest values were
observed in the L1-L4 and C1 doughs. As the level of fortification increased, the antioxidant
activity of all enriched doughs increased significantly (p < 0.05). In crackers, the highest
antioxidant activity was demonstrated by the G3, G2, O3, O2 and G1 samples, whereas
the lowest values were observed in the B1, B2, C1, L1 and C2 samples, respectively. All
enriched dough formulations demonstrated significantly (p < 0.05) higher antioxidant
activity values compared to the W dough (control).
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Table 2. Total antioxidant activity of dough and cracker formulations.

Antioxidant Activity FeSO4 (uM)

Level of Substitution Dough Cracker
100% wheat flour (control) 31.69 £ 0.69 51.78 4+ 0.89

10% olive stone flour 77.79 4+ 2.23 % 136.32 4= 7.95 2%

20% olive stone flour 131.97 4+ 6.15b* 22253 + 8.86 b*

30% olive stone flour
10% grape stone flour
20% grape stone flour
30% grape stone flour

22552 + 17.43 ¢*
90.20 =+ 4.07 9*
145.22 + 10.33 €*
12717 +2.12 f*

321.49 +9.02 ¢*
201.29 + 19.56 d*
330.53 & 10.91 *

360.56 + 2.78 £

10% lupine flour 44.87 £ 3.47 8* 52.76 +2.338&
20% lupine flour 49.60 + 0.44 h+ 68.66 + 4.43 h*
30% lupine flour 50.98 4 1.68 1* 80.37 4 3.41 *
40% lupine flour 51.27 4 1.147* 73.87 4 8.53 i
10% barley flour 60.17 4 2.41 k* 45.83 + 636
20% barley flour 61.12 + 5.01 1 4724 +2.87!
30% barley flour 69.72 + 4.08 * 67.37 £4.39*
20% chickpea flour 51.27 £0.31* 50.85 + 2.47
30% chickpea flour 51.32 + 0.05 ™* 71.84 £2.22™*
40% chickpea flour 53.54 +£1.01* 77.96 £ 8.52*
50% chickpea flour 52.40 £ 0.98 ™* 80.22 +10.43 *
60% chickpea flour 51.71 £ 0.38 °* 85.92 +4.13 °*
80% chickpea flour 52.86 + 1.15P* 90.21 4+ 5.57 P*

Total antioxidant activity was expressed as uM FeSOj. Results are expressed as mean + standard deviation
from triplicate measurements. * Mean values significantly different (p < 0.05) compared to 100% wheat flour
crackers/dough (controls). Mean values indicated with different letters (a—p) within a row denote significant
difference (p < 0.05).

The 01-03, G1-G3 and L1-L4 crackers demonstrated a significant (p < 0.05) increase
in antioxidant activity compared to the respective doughs. The B1-B3 crackers demon-
strated a decrease in antioxidant activity, which in the B1 and B2 samples was significant
(p < 0.05). The C1 crackers exhibited lower antioxidant activity values compared to their
doughs, whereas the C2-C6 crackers had significantly higher (p < 0.05) antioxidant activity
compared to the respective doughs (Table 2).

The 01-03, G1-G3, B3, L2-1L4 and C2-C6 crackers demonstrated significantly
(p < 0.05) higher antioxidant activity values than the W crackers (controls). The L1 crackers
showed slightly higher values, whereas the B1-B2 and C1 crackers demonstrated lower
values than the W crackers. One-way ANOVA showed a statistically significant (p < 0.05)
increase in antioxidant activity of all enriched crackers as the level of flour fortification
increased (Table 2).

Pearson’s correlation coefficients between total phenolic content and antioxidant
activity of the novel wheat crackers are presented in Table 3. A positive correlation between
total phenolic content and antioxidant activity of the alternative-flour-enriched crackers
was observed; in the case of olive seed, grape seed, lupine and chickpea flour crackers, the
relationship was significant (p < 0.05). There was a moderate positive association between
phenolic content and antioxidant activity in barley and lupine flour crackers (r* = 0.558 and
12 = 0.689, respectively) and a strong positive association in chickpea, olive and grape seed
flour crackers (r* = 0.830, 2 = 0.891 and r? = 0.914, respectively). The strongest positive
association between phenolic content and antioxidant activity was observed in olive- and
grape-seed-flour-enriched crackers (Table 3).

3.3. Simulated In Vitro Gastrointestinal Digestion

Following in vitro gastrointestinal digestion, the total phenolic content of all cracker
formulations demonstrated a decrease, which in the case of the G1-G3 and W formulations
was significant (p < 0.05). More than half of the total polyphenols (53.89%) were preserved
after digestion in the G1 crackers, whereas the greatest decrease was observed in the
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G2 and G3 samples, as only 47.71% and 46.23% of the total phenolics were preserved,
respectively. The O3 crackers demonstrated the highest bio-accessibility values, as 93.01%
of the total polyphenols were preserved after the digestion process. One-way ANOVA
indicated significantly (p < 0.05) higher total phenolic content of all digested enriched
crackers compared to the digested 100% wheat flour crackers (controls) (Table 4).

Table 3. Correlation of phenolic content and antioxidant activity in novel wheat crackers.

Crackers Pearson Correlation Coefficients
Olive seed flour 0.891 *
Grape seed flour 0914 *
Barley flour 0.558
Lupine flour 0.689 *
Chickpea flour 0.830 *

* Pearson correlation coefficients statistically significant (p < 0.05).

Table 4. Total phenolic content of undigested and digested cracker samples.

Crackers Undigested After Digestion Phenolic
(mg GAE/10 mL) (mg GAE/10 mL) Bioaccessibility %
03 64.89 £2.12 60.35 +1.93 1 93.01%
G1 62.01 £3.71* 33.42 £ 1.07 *t 53.89%
G2 88.73 £6.07 * 42.33 +0.42 *+ 47.71%
G3 95.84 £9.16 * 4431 +0.33 *+ 46.23%
W (control) 29.66 +2.64 % 2191 +0.13*% 73.89%

* Mean values within a row denote significant difference (p < 0.05) between undigested and digested samples.
t Mean values significantly different (p < 0.05) compared to 100% wheat flour crackers (controls) after digestion.

Antioxidant activity of all enriched crackers demonstrated significantly (p < 0.05)
lower values after digestion with the greatest decrease observed in the G3 crackers, as only
44.17% of the antioxidant activity was preserved. The W crackers demonstrated a significant
(p < 0.05) increase in antioxidant activity following digestion, whereas the O3 crackers
preserved the majority of their antioxidants among the enriched crackers (AA% = 86.90%).
All digested enriched crackers demonstrated significantly (p < 0.05) higher antioxidant
activity values compared to the 100% wheat flour crackers (controls) (Table 5).

Table 5. Antioxidant activity of undigested and digested cracker samples.

Crackers lliz I;gfiit;; A;t:; (I)):g(:isl\t/i;m Antioxidant Activity %
03 321.49 £9.02* 279.37 £9.13 *t 86.90%
G1 201.29 £ 19.56 * 138.74 £+ 2.51 *t 68.93%
G2 330.53 +10.91 * 150.68 + 2.81 *t 45.59%
G3 360.56 £2.78 * 159.25 £1.97 *+ 44.17%
W (control) 51.78 £ 0.89 * 66.82 +0.52 * 129.05%

* Mean values within a row denote significant difference (p < 0.05) between undigested and digested samples.
t Mean values significantly different (p < 0.05) compared to 100% wheat flour crackers (controls) after digestion.

4. Discussion

This study indicates that the adding of alternative flours in wheat-formulated bakery
products, such as crackers, can increase their phenolic content and the antioxidant activity,
especially after the baking process, therefore rendering a possible health effect to the
consumers selecting those crackers as a snack option. Moreover, through the in vitro
simulation of gastrointestinal digestion in the cracker samples demonstrating the highest
phenolic and antioxidant activity profiles, the adding of alternative flours seems to lead to
important bioaccessibility, thereby predicting bioavailability.
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The B2 and B3 crackers, although they exhibited relatively low values in phenolics,
demonstrated higher phenolic content than the W crackers, whereas total phenolic content
of barley crackers significantly increased as the level of barley flour increased. In terms of
antioxidant activity, the B3 crackers resulted in a significantly higher antioxidant activity
than the W crackers. A significant increase was also observed in the antioxidant activity of
crackers as the level of barley flour increased, whereas a moderate positive association was
determined between phenolic content and antioxidant activity of the barley-flour-enriched
crackers. Our findings indicate the added values of 20% and 30% barley flour enrichments
in improving the phenolic and antioxidant profile of wheat-formulated products. The
results of our study are supported by a certain number of studies. Punia et al. reported
a gradual increase in the total phenolic content values of wheat rusks substituted with
10%, 20% and 30% barley flour, respectively. In parallel, increasing barley flour substitu-
tion in wheat-barley flour rusks, their antioxidant activity progressively increased [55].
Furthermore, Aly et al. also demonstrated an increase in antioxidant activity of cookies
substituted with 20% and 40% barley flour compared to the control wheat cookies [56],
which is in accordance with the antioxidant profile of the B2 crackers in our study. Several
other researchers have reported the increase in total phenolics and antioxidant activity in
cookies and chapattis as the fortification of barley flour increased [57-60].

Regarding the effect of baking, the present study resulted in the B2 and B3 cracker sam-
ples demonstrating a slightly higher phenolic content than that of the respective doughs,
whereas in the Bl samples, a significant decrease was observed. In terms of antioxidant
activity, all crackers demonstrated lower values compared to the respective doughs; in
the case of the B1 and B2 samples, the decrease was significant. Our results concerning
antioxidant activity are in accordance with the study of Holtekjolen et al., 2008, in which
the authors reported that antioxidant activities measured by FRAP assay were decreased
during the baking process in wheat-formulated breads fortified with 40% barley flour [5,61].
Nevertheless, in another study, the baking of cookie dough enriched with 0%, 25%, 50%
and 100% barley flour led to a significant decrease of up to 19.2% in total phenolic content
in the formulated cookies [57]. The decrease in total phenolic content is addressed, possi-
bly, as a result of a particular change in the molecular structure of phenolic compounds,
probably polymerization that leads to oxidation and a decrease in their extractability [62].
Furthermore, during dough making, certain oxidative enzymes such as polyphenol oxidase
are activated by flour hydration, and the oxidation may result in phenolic compound degra-
dation [63]. The increase in antioxidant activity has been attributed to the formation of dark
brown pigments during baking caused by the Maillard reactions that are reported to have
antioxidant activity [64]. Therefore, our findings concerning the decrease in antioxidant
activity could be explained by the thermal degradation of antioxidants present in barley
flour, although the slight increase in phenolic content in the B2 and B3 samples could be
due to the greater number of phenolic compounds supplied by the increase in barley flour
substitution and their subsequent thermal release.

The L2-14 samples demonstrated higher total phenolic content values than the
W crackers, whereas L1 had slightly lower values. Regarding antioxidant activity, lupine
flour enrichment resulted in an increase in the formulated crackers compared to the 100%
wheat crackers; in the case of the L2-L4 samples, the increase was significant. A significant
increase in total phenolic content and antioxidant activity of lupine-flour-enriched crackers
was observed as the proportion of lupine flour increased, whereas a significantly moderate
positive association was determined between phenolic content and antioxidant activity
of the barley-flour-enriched crackers. Therefore, our results indicate the improvement of
the antioxidant profile of the formulated crackers by the addition of 20-40% lupine flour.
Our results are in accordance with the limited number of studies that investigated the
potential of lupine flour addition in bakery products. The inclusion of 4, 8 and 12% of sweet
lupine flour in wheat flour cookies resulted in a significant increase in total polyphenols
compared to the control biscuits and a significant increase in antioxidant activity [63]. The
incorporation of germinated Australian sweet lupine flour in muffins increased the total
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phenolic content and antioxidant activity of muffins [65]. The replacement of wheat flour
with lupine flour at levels of 10, 20 and 30% in bread resulted in a significant increase
in total phenolic content, compared to the controlled wheat-formulated bread, with the
highest values observed in the bread fortified with 30% lupine flour. The same trends were
observed in the measurement of antioxidant activity, as the level of lupine flour fortification
increased, compared to the control wheat bread [66]. Many studies have highlighted the
positive correlation of total phenolic content and antioxidant activity [11], although some
others have concluded that in lupine there is no correlation, as certain compounds such
as carotenoids and tocopherols that are present in lupine seeds can also contribute to the
antioxidant activity [67].

After baking, the L1-L3 crackers demonstrated a slightly lower total phenolic content
compared to their dough formulations, whereas the L4 crackers showed a slight increase.
Nevertheless, the antioxidant activity of all lupine-flour-enriched crackers significantly
increased compared to their respective doughs. In a single study retrieved, increasing
lupine flour enrichment did not result in an increase in phenolic content of the baked
products, as concluded from our findings, although the increase in antioxidant activity is
in accordance with our results. Muffins enriched with 4% and 6% germinated Australian
sweet lupine flour demonstrated significantly higher total phenolic content than their bat-
ters. The authors linked that increase to the release of phenolics from the matrix wall and
the formation of phenolic products because of thermal degradation induced by baking. Ad-
ditionally, baking increased the antioxidant activity of all muffin formulations. The higher
antioxidant activity was attributed to the high phenolic content, as well as the formation of
products with high radical-scavenging capacity during the baking process [65]. Therefore,
we can conclude that 40% lupine flour fortification can improve the phenolic content of
the crackers, resisting heat degradation, and heat treatment results in the production of a
greater number of antioxidant compounds.

Regarding chickpea-flour-enriched crackers, there is limited literature available con-
cerning the investigation of the phenolic and antioxidant profile of bakery products fortified
with chickpea flour. In the present study, fortification with the C2-Cé6 crackers demon-
strated higher phenolic content compared to control crackers, which in the case of the
C5 and C6 samples was significant. Additionally, the antioxidant activity of the C2-C6
chickpea-flour-enriched crackers was significantly higher than that of the control crack-
ers. As the level of chickpea flour increased, the total phenolic content and antioxidant
activity of the formulated crackers increased significantly. Furthermore, there was a signif-
icantly strong positive association between phenolic content and antioxidant activity in
chickpea-flour-enriched crackers. Two studies retrieved are in accordance with our results.
Incorporation of 40% chickpea flour in wheat remilled-semolina-based bread, focaccia and
pizza crust resulted in a significant increase in phenolic compound content and antioxidant
activity compared to the control durum-wheat-formulated products [68]. Moreover, sup-
plementation of wheat bread with 2% chickpea husk extract resulted in an increase in total
phenolic content and antioxidant activity [69].

Furthermore, baking resulted in an increase in total phenolic content of all chickpea-
flour-enriched crackers compared to their doughs; in the C2, C3, C5 and C6 samples,
the increase was significant. The antioxidant activity of the C2-C6 crackers increased
compared to the respective doughs; in the case of the C2 and C4-C6 samples, the increase
was significant. Although we report the significant increase in phenolics and antioxidant
activity of the 30% to 80% enrichments, in a single study retrieved, baking did not affect
the levels of total phenolic content or antioxidant activity measured by FRAP assay relative
to bread dough enriched with 400 g desi-type black seed coat chickpea flour in the final
products [70]. However, longer baking times have been reported to trigger an increase
in total phenolic content and antioxidant activity in pulse-flour-enriched wheat crackers,
which may be attributed to the depolymerization of fibers during mechanical mixing
and baking, release of fiber-associated phenolic compounds and the presence of Maillard
reaction antioxidant products [71-73]. Therefore, our findings can be attributed to those
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procedures taking place during cracker production and baking, as well as the added value
of bioactive compounds present in that flour as the level of fortification increased.

Olive-seed- and grape-seed-flour-enriched crackers demonstrated the highest total
phenolic content and antioxidant activity among the tested novel crackers. Olive-seed-
flour-enriched crackers exhibited significantly higher phenolic content and antioxidant
activity compared to the control 100% wheat crackers. There was a significant increase in
phenolic content and antioxidant activity as the proportion of olive seed flour increased,
whereas there was a significantly strong positive association between phenolic content and
antioxidant activity in olive-seed-flour-enriched crackers. In a study by Bolek et al., 2020,
wheat flour replacement by 5%, 10% and 15% olive stone powder in cookies significantly
increased phenolic content and antioxidant activity as the proportion of olive stone pow-
der increased [29]. Similarly, substitution of wheat flour with 15%, 25%, and 35% olive
stone powder in sponge cakes increased the total phenolic content of the samples as the
percentage of olive stone powder substitution increased [30]. Our study in crackers adds to
those reports, as higher antioxidant and phenolic properties were achieved through olive
seed flour fortification and highlight the potential of this alternative flour as a nutritional
carrier in functional bakery products. Olive-seed-flour-enriched crackers also demonstrated
significantly higher total phenolics and antioxidant activity values compared to their dough
formulations. In a single study, the baking of olive pomace cookie dough resulted in a slight
increase in total phenolic content and a slightly lower antioxidant activity after baking. The
authors attributed the increase to the release of phenolics, respectively because of the heat
treatment [74].

Grape-seed-flour-enriched crackers demonstrated significantly higher phenolic con-
tent and antioxidant activity compared to the control crackers. Phenolic content and
antioxidant activity of the crackers significantly increased as the proportion of grape seed
flour increased, whereas there was a significantly strong association between those proper-
ties. A number of studies in a range of bakery products have also highlighted the potential
of grape seed flour in improving, to a large extent, the nutritional and antioxidant profile
of wheat-formulated bakery products. In a study by Acun and Giil, 2014, incorporation
of 5%, 7.5% and 10% grape seed flour in cookies demonstrated a gradual increase in total
phenolic content. As the level of grape seed flour substitution increased, the antioxidant
activity of the cookies also increased [75]. Furthermore, inclusion of 2.5 and 5% grape
seed flour in wheat cookies resulted in a linear increase in total phenolics compared to
control wheat cookies [76]. In a study by Antonic et al., grape seed flour was used for the
fortification of waffles in concentrations of 1, 3, 5 and 10%, where the highest phenolic and
antioxidant profile was demonstrated by 10% inclusion of grape seed flour [77]. Enrichment
of whole-wheat-, whole-siyez-wheat- and whole-oat-flour-formulated muffins with grape
seed flour at 7.5% and 15% ratios resulted in a significant increase in antioxidant activity
and total phenolics [78,79].

Grape-seed-flour-enriched crackers demonstrated significantly higher total phenolic
content and antioxidant activity values compared to the corresponding dough formulations.
In other studies, total phenolic content of breads enriched with 2.5, 5, 7.5 or 10 g grape seed
flour/100 g wheat flour increased compared to the corresponding doughs. The authors
argued that the increase in bread was essentially due to the combination of the thermal
stability of grape seed flour phenolic compounds, as they are not degraded in temperatures
lower than 180 °C, and the conversion of insoluble phenolic compounds bound to the
dough gluten matrix to soluble forms upon baking [80,81]. Baked breads enriched with 2.5,
5,7.5 or 10 g grape seed flour/100 g wheat flour exhibited significantly higher antioxidant
activity values compared to the corresponding doughs [80], whereas the same trend was
observed in grape-seed-containing breads compared to the corresponding doughs [82].

In the literature, the increase in total phenolic content in baked products is often
addressed as a side effect of the baking process. Baking increased total phenolic content
by affecting the solubility of bound forms of phenolic acids. In addition, it is important to
underline that both the Folin—-Ciocalteu and FRAP methods being unspecific methods as
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part of the reported measurements might be due to interfering compounds. Specifically, a
Folin—-Ciocalteu reagent not only measures the amount of phenolic compounds, but it also
may react with any reducing substance. It therefore measures the total reducing capacity of
a sample. Heat treatment induces the formation of compounds from the Maillard reactions
that possess reductone structures, which are Folin—Ciocalteu reactive substances and are
reported to contribute to the increase in the total phenolics. Total phenolic content could
also be affected by polyphenolic oxidation and caramelization products. Some of these
compounds are reported to have antioxidant activity, whereas others simply act as false
positives in the test [83,84]. Additionally, certain interfering agents can act as false positives,
such as ascorbic acid, which is an additive in commercial wheat baking flours (3 g/kg) [85],
but also saccharides, phytic acids and amino acids [86]. Therefore, those events contribute
to the increase in total phenolic compounds measured by Folin-Ciocalteu assay [83,84].

During baking, hazardous chemical products known as Maillard reaction products,
including «-dicarbonyl compounds (DCs), furan, 5-hydroxymethylfurfural (HMF), furosine
and acrylamide, can be generated. Those can react with other compounds in the formulated
products, resulting in the formation of compounds critical for flavor, aroma and color.
Baked products are abundant in DCs because of their high concentration of sugars, low
moisture content and their processing. DCs do represent critical precursors of brown
and volatile aromatic compounds, which are highly associated with color and aroma
development. Furan compounds can derive from ascorbic acid, carbohydrates, amino acids,
fatty acids and carotenoids. The development of browning in bakery products is a process
mainly influenced by temperature and water activity and results from the production and
accumulation of mainly HMF and melanoidins during baking. Bakery product formulation,
baking conditions and use of sugars are responsible for the high variability of furan and
a-dicarbonyl compounds (DCs) generated through processing. Use of sucrose instead of
fructose or glucose in cookie recipes results in lower levels of both HMF and DCs without
being influenced by baking temperature and time. Lower baking temperatures ranging
from 150-170 °C are generally preferable for the containment of those compounds [87-89].
According to the recipes used, per batch, grape seed flour crackers contained 12.22-12.68 g
sugars, olive seed flour crackers contained 12.11-12.35 g sugars, barley flour crackers
contained 10.39-11.39 g sugars, lupine flour crackers contained 11.59-11.89 g sugars and
chickpea flour crackers contained 14.51-22.07 g sugars. As raw material, grape seed
flour contained 5.15 g sugars/100 g, wheat flour contained 4 g sugars/100 g, barley flour
contained 1 g sugars/100 g, olive seed flour contained 4.6 g sugars/100 g, chickpea flour
contained 10.3 g/100 g and lupine flour contained 3.5 g sugars/100 g. The sugar type
added to the recipe was sucrose in a rate of 4 g per batch, and the baking conditions were
15 min in 170 °C. Color during baking intensified compared to the raw material and ranged
in the formulated crackers from golden yellow (at a greater extent observed in lupine-
and chickpea-flour-enriched crackers) to dark brown (mainly observed in olive-seed- and
grape-seed-flour-enriched crackers). Although monitoring and calculation of Maillard
compounds were not carried out, with the progressive browning and intensification of the
aroma observed in the majority of the formulated enriched crackers during baking and
taking into account the literature findings, we can conclude that the conditions and the
recipe followed resulted in the generation of a substantial amount of those compounds that
resulted in the higher phenolic and antioxidant activity values observed.

Since the O3, G1-G3 crackers yielded the highest total phenolic and antioxidant
activity values, a simulated in vitro gastrointestinal model was employed in order to fully
elucidate the events in the fate of those bioactive compounds during cracker digestion and
help to determine which cracker formulation could act as the most potent nutritional carrier.
Although the in vitro models cannot fully depict the digestion process taking place in the
human gastrointestinal tract, as the anatomy and morphology, as well as the peristaltic
movements, cannot be mimicked, it does represent an easy and rapid method to study the
possible action of digestive enzymes on specific food products and the subsequent release
of nutrients and antioxidants [90].
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Very few studies have addressed the in vitro digestion of polyphenols present in non-
naturally enriched food matrices such as bakery products. Interestingly, according to our
knowledge, no studies have investigated the fate of polyphenols in complex food matrices
of bakery products enriched with grape and olive seed flours. Therefore, the bio-accessible
total polyphenol content, as well as the antioxidant activity of grape- and olive-seed-flour-
enriched crackers were evaluated in this study. Generally, following gastrointestinal diges-
tion, grape-seed-flour-enriched crackers demonstrated a significant decrease in phenolic
content and antioxidant activity ranging from 46.11-53.77% and 31.07-55.83%, respectively.
These properties were also significantly higher compared to those of 100% wheat-flour
crackers even after digestion. The control crackers demonstrated a significant decrease in
total phenolic content but a significant increase in antioxidant activity. The results indicated
that increasing inclusion of grape seed flour in cracker enrichment resulted in an increase in
the bio-accessible polyphenols, therefore suggesting the added value of grape flour in bak-
ery products formulation. A limited number of studies has highlighted the value of grape
polyphenol enrichment in bakery products by increasing the bio-accessible phytochemicals
and, thus, affecting human health beneficially. In digested spaghetti supplemented with
15% red grape marc flour, the bio-accessible fraction demonstrated an increase in total
phenolic content and a decrease in total antioxidant activity compared to the undigested
samples. In the same study, the enriched spaghetti displayed higher total phenolics and
antioxidant activity, even after the digestion process, compared to the control durum wheat
semolina spaghetti. In the control spaghetti, similarly to our findings, an increase in antioxi-
dant activity was observed after digestion. The authors attributed the increase to the release
of amino acids from wheat durum semolina proteins and phenolic acids such as ferulic acid,
which exhibit antioxidant activity because of the action of enzymes during the digestion
process [91]. Our results are generally in accordance with the present study, although we
reported a decrease in total phenolics, which can be attributed to the loss of grape seed
anthocyanins that are unstable and can be destroyed from the transition of the acidic gastric
conditions to the mild alkaline (pH = 7.2-7.6) intestinal environment. Anthocyanins exist in
a colorless chalcone pseudobase molecular form in neutral pH values. Prolonged exposure
to this form can trigger the degradation of the B and C rings, resulting in the destruction
of the anthocyanin chromophore, thereby leading to anthocyanin degradation [92]. In
another study, following in vitro gastric and small intestine digestive phases, a decrease in
antioxidant capacity of breads enriched with 5 g and 10 g/100 g grape pomace powder was
reported [93]. Similarly, our results are fully in accordance with these findings and further
highlight the nutritional improvement of a wheat-formulated product with the addition of
grape seed flour.

Our major finding of the in vitro gastrointestinal digestion was the high predicted
bio-accessibility of olive seed flour polyphenols and antioxidant activity retained during
the process. The O3 crackers exhibited a minor decrease in total polyphenols (—6.99%)
and antioxidant activity (—13.1%) and demonstrated a significantly higher total phenolic
content and antioxidant activity compared to the W crackers following digestion. A
number of studies further support our findings. During the gastric and small-intestinal
digestive conditions of the in vitro digestion process, total phenolic content of 10% dry
olive-paste-flour-enriched breads remained relatively stable compared to the white flour
control breads (59.3% recovery for the control and 72.1% recovery for the enriched bread).
The authors attributed the polyphenol stability in a simulated gastro-intestinal environment
to the high bio-accessibility of olive oil by-product compounds present through the bread
enrichment [94]. In another study, polyphenol content and antioxidant activity increased
after in vitro digestion in tarallis with and without olive leaf extract. The enriched tarallis
showed a significantly higher concentration of bio-accessible total polyphenols than the
controls and a higher antioxidant activity [95]. The results were explained by the action of
digestive enzymes promoting the release of bound phenolic acids, as well as to the amino
acids present in wheat proteins contained in the flour used for the product formulation.
The amino acids can interact with the Folin-Ciocalteu reagent, thus contributing to a
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positive reaction [96,97]. Our study is in accordance with these reports, as the majority
of polyphenols and antioxidants present in the O3 crackers were retained after digestion,
therefore suggesting this cracker formulation as a potent nutritional carrier.

This study has some limitations. The first limitation is that the phenolic compounds
were quantified through Folin-Ciocalteu assay but not individually characterized by other
analytical techniques such as LC-MS and HPLC, especially for comparison in the phenolic
profiles of undigested and digested samples. Another limitation is that a second antioxidant
activity assay was not performed to validate the results, as the identification of phenolic
compounds was not performed. In addition, no evaluation was performed about the
composition of the unbaked enriched crackers in sugars and asparagine to fully elucidate
the changes observed in the different formulations responsible for generating Maillard
compounds. Furthermore, there is a very limited number of prior research studies on
the fortification of wheat products and particularly no study on crackers enriched with
chickpea, barley, lupine, olive and grape seed flours and the subsequent measurements
of their phenolic content and antioxidant activity before and after baking, since these
alternative flours have limited applications, so far, as raw materials. Finally, there were no
literature findings concerning the digestion of olive- and grape-seed-flour-enriched bakery
products, so it was difficult to compare our results; therefore, our findings were correlated
to those acquired in bakery products fortified with flours resulting from other olive and
grape by-products.

5. Conclusions

The present study indicated that crackers could potentially represent a suitable bioac-
tive compound vehicle, since total phenolic content and antioxidant activity demonstrated
higher values after baking to the majority of the cracker formulations because of the rel-
atively low heat treatment at short time, which is typical of cracker baking. Among the
tested alternative flours, olive and grape seed flours substantially improved the phenolic
content and the antioxidant activity of wheat crackers. The findings of in vitro digestion
suggested that enrichment of crackers with 30% olive seed flour can increase their benefi-
cial nutritional properties by increasing the predicted bio-accessibility of compounds with
antioxidant activity. Therefore, 30% olive-seed-flour-enriched crackers could represent a
functional bakery snack that could act as a carrier of a vast array of health benefits. Future
studies, especially nutritional interventional and prospective epidemiological studies, are
needed in order to further investigate the possible effect of the novel crackers on disease
biomarkers and human health promotion.
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